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ABSTRACT
We present a spectroscopic survey of Lyα emitters (LAEs) at z ≈ 5.7 using the multi-object spec-
trograph M2FS on the Magellan Clay telescope. This is part of a high-redshift galaxy survey carried
out in several well-studied deep fields. These fields have deep images in multiple UV/optical bands,
including a narrow NB816 band that has allowed an efficient selection of LAE candidates at z ≈ 5.7.
Our sample consists of 260 LAEs and covers a total effective area of more than two square degrees
on the sky. This is so far the largest (spectroscopically confirmed) sample of LAEs at this redshift.
We use the secure redshifts and narrowband photometry to measure Lyα luminosities. We find that
these LAEs span a Lyα luminosity range of ∼ 2 × 1042 − 5 × 1043 erg s−1, and include some of the
most luminous galaxies known at z ≥ 5.7 in terms of Lyα luminosity. Most of them have rest-frame
equivalent widths between 20 and 300 A˚, and more luminous Lyα emission lines tend to have broader
line widths. We detect a clear offset of ∼ 20 A˚ between the observed Lyα wavelength distribution and
the NB816 filter transmission curve, which can be explained by the intergalactic medium absorption
of continua blueward of Lyα in the high-redshift spectra. This sample is being used to study the Lyα
luminosity function and galaxy properties at z ≈ 5.7.
Keywords: High-redshift galaxies (734); Lyman-alpha galaxies (978); Galaxy properties (615)
1. INTRODUCTION
The Lyα emission line was predicted as a prominent
feature in the spectra of early-stage galaxies (Partridge
& Peebles 1967). It is a powerful tracer to discover and
study young star-forming galaxies at high redshift. Now
Lyα emitters (LAEs) at redshifts up to z ≥ 6 are be-
ing routinely found (e.g., Rhoads et al. 2000; Ellis et al.
2001; Hu et al. 2010; Ouchi et al. 2010; Kashikawa et al.
2011; Erb et al. 2014; Zheng et al. 2016; Tilvi et al. 2020).
These LAEs can help us understand not only the evolu-
tion and physics of high-redshift galaxies (e.g., Finkel-
stein et al. 2012; Bouwens et al. 2014; Curtis-Lake et al.
∗ jiangKIAA@pku.edu.cn
2016; Jiang et al. 2016), but also the epoch of cosmic
reionization (e.g., Malhotra & Rhoads 2004; Kashikawa
et al. 2006, 2011; Hu et al. 2010; Pentericci et al. 2014;
Santos et al. 2016; Ota et al. 2017).
High-redshift LAEs are usually selected in narrow-
band imaging surveys. The narrowband technique can
efficiently detect Lyα emission lines in LAEs. Three
optical atmospheric windows with little OH sky emis-
sion have often been used to find LAEs at redshift
slices around 5.7, 6.5, 7.0 (e.g., Taniguchi et al. 2005;
Kashikawa et al. 2006, 2011; Hu et al. 2010; Ouchi et al.
2010; Rhoads et al. 2012; Matthee et al. 2015; Konno
et al. 2018). In addition, a number of LAEs have been
spectroscopically confirmed at these redshifts (e.g., Hu
et al. 2017; Jiang et al. 2017; Matthee et al. 2017; Zheng
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et al. 2017; Shibuya et al. 2018b; Taylor et al. 2020).
Narrowband-selected LAEs at z > 7 have also been re-
ported (e.g., Tilvi et al. 2010; Shibuya et al. 2012).
Despite the progress that has been made so far, the
number of spectroscopically confirmed LAEs at z ≥ 5.7
is still relatively small. Most LAEs were from photomet-
rically selected samples in wide-field narrowband sur-
veys. Some studies have covered more than 10 deg2,
and most of them only targeted the most luminous LAEs
(e.g., Matthee et al. 2015; Hu et al. 2016; Santos et al.
2016; Konno et al. 2018; Shibuya et al. 2018a; Taylor
et al. 2020). There exist large discrepancies in measure-
ments of Lyα luminosity functions (LFs) between pho-
tometrically selected samples and spectroscopically con-
firmed samples (e.g., Matthee et al. 2015; Santos et al.
2016; Bagley et al. 2017). There are also significant dis-
crepancies in the Lyα LF measurements among different
spectroscopic samples (e.g., Kashikawa et al. 2006, 2011;
Hu et al. 2010; Ouchi et al. 2010). The reason for these
discrepancies is not clear, and it may include sample
contamination and cosmic variance. Therefore, we need
a much larger LAE sample with spectroscopic redshifts
over a large sky area.
In this paper, we present a spectroscopic sample of
260 LAEs at z ≈ 5.7 in five well-studied deep fields.
This is part of our spectroscopic survey of high-redshift
galaxies using the multi-object spectrograph, the Michi-
gan/Magellan Fiber System (M2FS), on the 6.5m Mag-
ellan Clay telescope. We aim to build large samples of
galaxies including LAEs at z ≈ 5.7 and 6.5 and Lyman-
break galaxies (LBGs) at 5.5 < z < 6.8. The program
overview paper provides more details (Jiang et al. 2017).
Using this LAE sample, we have detected diffuse Lyα
halos around z ≈ 5.7 LAEs (Wu et al. 2020). We have
also discovered a giant protocluster at z ≈ 5.7 (Jiang
et al. 2018). In this paper we will provide the details of
the z ≈ 5.7 LAE sample and release the galaxy catalog.
We will present the Lyα LF of the LAEs at z ≈ 5.7 in a
following paper.
The paper has a layout as follows. In Section 2, we
introduce the M2FS survey program, our target selec-
tion, spectroscopic observations, and data reduction. In
Section 3, we identify LAEs and contaminants, and con-
struct our LAE sample. In Section 4, we measure the
Lyα spectral properties of the z ≈ 5.7 LAEs in our
sample. We discuss our results in Section 5 and sum-
marize our paper in Section 6. We provide the de-
tailed information of the full sample, including their
one-dimensional (1D) and two-dimensional (2D) spec-
tra. Throughout the paper, we use a standard flat cos-
mology with H0 = 68 km s
−1 Mpc−1, Ωm = 0.3 and
ΩΛ = 0.7. All magnitudes refer to the AB system.
2. TARGET SELECTION AND SPECTROSCOPIC
OBSERVATIONS
In this section, we will first provide a brief review
of our Magellan M2FS spectroscopic survey of high-
redshift galaxies, and present the selection of the LAE
candidates at z ≈ 5.7 in detail. We will then out-
line the M2FS observations of the candidates. We will
also present our data reduction pipeline which has been
slightly improved from the previous version.
2.1. The Magellan M2FS Survey
Our M2FS survey is a spectroscopic survey of galaxies
at z > 5.5 using Magellan M2FS. M2FS is a fiber-fed,
multi-object, double optical spectrograph on the Magel-
lan Clay telescope (Mateo et al. 2012). The survey aims
to build a large and homogeneous sample of relatively lu-
minous LAEs at z ≈ 5.7 and 6.5, and LBGs with strong
Lyα emission at 5.5 < z < 6.8. The target candidates
come from five well-studied deep fields, including the
Subaru XMM-Newton Deep Survey (SXDS), A370, the
Extended Chandra Deep Field-South (ECDFS), COS-
MOS, and SSA22, covering a sky area of > 3 deg2
in total. These fields have a large number of archival
UV/optical images in a series of broad [BV R(r′)I(i′)z′]
and narrow bands (e.g., NB816 and NB921) from Sub-
aru Suprime-Cam. They can be used to efficiently select
high-redshift LAEs and LBGs. The fields are summa-
rized in Table 1. Columns 5-8 list the magnitude limits
of the broadband and NB816-band images. The aver-
age depth (5σ detections in a 2′′-diameter aperture) is
∼ 27.0 mag in R/r′ and I/i′, ∼ 26.5 mag in z′, and
∼ 26.0 mag in NB816. Our program overview paper
(Jiang et al. 2017) provides more details about the sur-
vey program, including the survey fields, imaging data,
spectroscopic observations, data reduction, and science
goals.
The M2FS observations of the program have been
completed and the data have been reduced. The pro-
gram will provide large samples of high-redshift LAEs
and LBGs over more than two deg2. This will enable
many science goals, such as the Lyα luminosity function
and its evolution at high redshift, properties of LAEs
and LBGs, high-redshift protoclusters, cosmic reioniza-
tion, etc. In this paper, we focus on LAEs at z ≈ 5.7.
2.2. Candidate Selection
In the literature, LAE candidates are usually selected
by the narrowband (or Lyα) technique. Figure 1 shows
the filters that we used for our target selection. We
mainly used the i− NB816 color to select z ≈ 5.7 LAE
candidates (here i means either i′ or I). Different fields
have slightly different combinations of the broadband
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Table 1. Survey Fields
Field Coordinates Area Filters R/r′ I/i′ z′ NB816 Candidates Targets Confirmed
(J2000.0) (deg2) (mag) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
SXDS 02:18:00 –05:00:00 1.12 R i′ z′ 27.4 27.4 26.2 26.1 263 (99) 185 (74) 130 (44)
A370a 02:39:55 –01:35:24 0.16 R I z′ 27.0 26.2 26.3 26.0 75 (30) 68 (28) 52 (18)
ECDFS 03:32:25 –27:48:18 0.22 r′ i′ z′ 27.4 27.5 26.7 26.0 27 (11) 18 (9) 11 (5)
COSMOS 10:00:29 +02:12:21 1.26 r′ i′ z′ 26.7 26.3 25.5 25.7 228 (140) 158 (93) 52 (15)
SSA22a 22:17:32 +00:15:14 0.17 R I z′ 28.0 27.3 26.7 26.1 23 (5) 20 (4) 15 (3)
Note—Columns 5, 6, 7, and 8 indicate the magnitude limits (5σ detections in a 2′′-diameter aperture). Column 9 indicates
the total number of LAE candidates at z ≈ 5.7 in each field. Column 10 indicates the number of candidates observed by
our M2FS program. Column 11 indicates the number of the confirmed LAEs. The numbers in parenthesis represent the
sources selected by our relaxed criteria (see details in section 2.2).
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Figure 1. Transmission curves of the Suprime-Cam filters
that were used for our target selection. The NB816 band
corresponds to the detection of LAEs at z ≈ 5.7.
filters, such as r′i′z′, Ri′z′, and RIz′ (see Column 4 in
Table 1).
For all > 7σ detections in the NB816 band, we applied
the following color cut,
I −NB816 > 0.8 (1)
for the A370 and SSA22, and
i′ −NB816 > 1.0 (2)
for the SXDS, ECDFS and COSMOS fields. The target
selection (color-magnitude diagram) of the z ≈ 5.7 can-
didates in SXDS is illustrated in Figure 7 of Jiang et al.
(2017). The i′ filter is slightly bluer than the I filter, and
thus suffers more Lyman forest absorption blueward the
Lyα emission line. Therefore, we used the slightly differ-
ent criteria to ensure a similar broadband – narrowband
color. The two criteria are similar to those used in the
literature (e.g., Ouchi et al. 2008; Hu et al. 2010), and
roughly correspond to a Lyα rest-frame equivalent width
(EW) limit of ∼ 25 A˚. Since the i′ and I-band images
are much deeper than the NB816-band images, objects
undetected in i′ or I naturally satisfy the color selection.
We applied two additional criteria to eliminate lower-
redshift contaminants. We required that candidates
should not be detected (< 2σ) in any band (e.g., B or
V ) bluer than R or r′, assuming that no flux can be de-
tected at a wavelength bluer than the Lyman limit. We
also applied a color selection of r′(R)− z′ > 1.5 for ob-
jects detected (at > 3σ) in z′. These two criteria do not
remove real z ∼ 5.7 objects. Each candidate was visu-
ally inspected. We removed spurious detections such as
the residuals of bright star spikes and satellite trails that
can be easily identified. We also removed objects whose
photometry was obviously wrong due to the existence of
nearby bright stars.
In addition to the above main candidates, we also in-
cluded a small number of less promising or fainter can-
didates to fill spare fibers. For example, we observed
many LAEs with ∼ 5σ − 7σ detections in NB816. We
summarize our candidate selection in Table 1, includ-
ing these less promising candidates (numbers in paren-
thesis). From these additional sources, we identified 85
LAEs in total. These LAEs are less complete compared
to the main sample. In the table, “candidates” represent
the sources selected by the color-magnitude criteria and
“targets” represent those observed by M2FS (see also
Figure 6).
2.3. Spectroscopic Observations
We used M2FS to carry out spectroscopic observa-
tions in 2015–2018. M2FS has a large field-of-view of
30′ in diameter and high throughput. It can efficiently
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Table 2. Summary of the M2FS Observations
Pointing Center Coordinates Field Coverage Year/Month Exposure Time
(J2000.0) (deg2) (hours)
(1) (2) (3) (4) (5)
SXDS1 02:18:18.2 –05:00:09.96 0.179 2016 Dec 4.0
2017 Sep 2.0
SXDS2 02:17:47.8 –04:35:26.63 0.185 2016 Dec 5.0
SXDS3 02:17:46.0 –05:26:17.88 0.182 2015 Nov 7.0
SXDS4 02:19:43.5 –05:01:39.25 0.187 2018 Dec 6.8
SXDS5 02:16:16.6 –05:00:45.04 0.188 2016 Dec 5.0
A370a 02:39:49.4 –01:35:12.16 0.173 2015 Sep 7.0
ECDFS 03:31:59.8 –27:49:17.07 0.145 2016 Feb 6.3
COSMOS1 10:01:45.4 +02:23:43.76 0.197 2015 Apr 4.0
COSMOS2 09:59:59.3 +02:26:30.96 0.197 2015 Apr 4.5
COSMOS3 10:01:28.3 +01:59:36.21 0.197 2015 Apr 5.0
COSMOS4 09:59:32.4 +02:00:33.39 0.197 2015 Apr 5.0
COSMOS5 09:59:18.3 +01:43:01.99 0.127 2016 Feb 5.7
SSA22a 22:17:26.5 +00:13:40.89 0.171 2018 May 2.0
2018 Aug 4.8
detect relatively bright, high-redshift galaxies. We used
a pair of red-sensitive gratings with a resolving power of
about 2000. The wavelength coverage was roughly from
7600 to 9600 A˚. We binned pixels (2 × 2) during our
observations, and the spectral dispersion was ∼ 1 A˚ per
pixel.
The selection of M2FS pointing centers was limited
by the number and spatial distribution of bright stars in
each field. Each field (plate or pointing) needs a Shack-
Hartmann star (V ≤ 14 mag) in the center, two or more
guide stars (V ≤ 15 mag), and four to eight alignment
stars (V ≤ 15.5 mag). Some candidates were not cov-
ered by the M2FS pointings (see Jiang et al. 2017, Fig-
ure 1–5). In the end, more than 70% (449 out of 616)
of the z ≈ 5.7 LAE candidates were observed by 13
M2FS pointings. In addition, each pointing also cov-
ered z ≈ 6.5 LAE candidates, z ≈ 6 LBG candidates,
a variety of ancillary targets, several bright reference
stars, and a few tens (typically around 50) of sky fibers.
The information about the M2FS observations is sum-
marized in Table 2. Column 1 shows the M2FS pointing
or field names. SXDS1, SXDS2, SXDS3, SXDS4, and
SXDS5 denote the five pointings in SXDS. COSMOS1,
COSMOS2, COSMOS3, COSMOS4, and COSMOS5 de-
note the five pointings in COSMOS. The layout of the
pointings are shown later in Figure 6. All M2FS ob-
servations are carried out in queue mode. COSMOS1
and COSMOS3 are the first two fields that we observed.
After the observations of the two fields, we checked the
spectra of bright references stars and noticed that the
two fields suffered serious alignment problems. The rea-
son is unclear. The consequence is that we only con-
firmed a few LAEs in the two fields (see section 3).
Most data (> 90%) were taken under clear observing
conditions with seeing around 0.′′7 − 1.′′0. They are the
data that we will use later (also shown in Column 5 of
Table 2). Data taken under cloudy weather conditions
(∼ 8%) were not used. The effective integration time
per pointing was about 5 hrs on average. The individual
exposure time was 30 min, 45 min, or 1 hr, depending on
airmass and weather conditions. We achieved our goal
and detected z ≈ 5.7 LAEs down to NB816 ∼ 25.7 mag
(a Lyα flux depth of ∼ 0.8 × 10−17 erg s−1 cm−2) on
average.
2.4. Data Reduction
Our customized pipeline for data reduction is intro-
duced in the program overview paper. The basic pro-
cedure has not been changed. This includes bias (over-
scan) correction, dark subtraction, flat-fielding, cosmic
ray identification, and production of “calibrated” 2D im-
ages. After fiber positions are traced using twilight im-
ages, 1D spectra are extracted from science, twilight,
and lamp images. The wavelength solutions are derived
from the 1D lamp spectra. For each 1D science spec-
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Figure 2. 1D and 2D spectra of two bright LAEs at z ≈
5.7. For each object in the upper and lower panels, we show
from the top to the bottom, the 2D spectra of the individual
exposures, the combined 2D spectrum, and the combined 1D
spectrum.
trum, a sky spectrum is built by averaging the near-
est ∼ 10 − 20 sky fibers and subtracted from the sci-
ence spectrum. We also produce 2D calibrated and sky-
subtracted science spectra for visual inspection, based
on the method in Jiang et al. (2017).
We have slightly improved the pipeline by adding ad-
ditional steps. A preliminary wavelength solution is
measured from the 1D lamp spectrum. In rare cases
that 1D lamp spectra do not have high enough signal-to-
noise ratios (S/N), the improved pipeline can use strong
OH skylines in science spectra for wavelength calibra-
tion. In the COSMOS field, the pointings slightly over-
lap, as a result of which some objects were observed
twice. These objects were reduced separately for indi-
vidual pointings, and then their spectra were combined
(weighted average) by the improved pipeline. As we
mentioned above, we produced 2D spectra for visual in-
spection. The pipeline can now reserve the 2D spectra
of individual exposures for visual inspection. Figure 2
shows 1D and 2D spectra of two bright z ≈ 5.7 LAEs in
SXDS. In the upper panel from the top to the bottom,
we show the 2D spectra of 5 individual exposures, the
combined 2D spectrum, and the combined 1D spectrum
for one LAE. In the lower panel we show the other LAE
that has 7 individual exposures. The individual expo-
sure time was 1 hr. These two LAEs can be easily con-
8050 8100 8150 8200 8250
Wavelength (Å)
Figure 3. The appearance of the 2D spectra of two Lyα lines
with decreasing S/N from the bottom to the top. The two
bright LAEs in Figure 2 are used. See the text for details.
The S/N values of the left LAE gradually decreases from
∼43.7 to ∼1.3. The S/N values of the right LAE gradually
decreases from ∼91.7 to ∼2.8.
firmed even in individual exposures, due to their strong
Lyα emission and the asymmetric line shape. Most of
other LAEs are much fainter, and can only be identified
in their combined 1D and 2D spectra.
3. A SAMPLE OF 260 LAES AT Z ≈ 5.7
In this section, we will identify LAEs and present our
sample of 260 spectroscopically confirmed LAEs.
3.1. LAE Identification
We use both 1D and 2D spectra to identify Lyα emis-
sion lines. For each 1D spectrum, we first smooth it with
a Gaussian kernel (a sigma of one pixel is used). We then
search for an emission line with S/N ≥ 5 in the expected
wavelength range. A line needs to cover at least five con-
tiguous pixels with S/N > 1 in the smoothed spectrum.
The S/N of the line is estimated by stacking the cor-
responding pixels in the original spectrum. Our target
selection criteria generally ensure that an emission line
detected in the expected wavelength range is the Lyα
line, based on the non-detection in the deep BVR im-
ages. Next, we visually inspect the identified emission
lines in the individual and combined 2D spectra.
The Lyα emission line of a high-redshift LAE usually
shows an asymmetric profile due to strong intergalac-
tic medium (IGM) absorption and internal interstellar
medium (ISM) kinematics (see Figure 2). In Figure 3,
we use the two bright LAEs in Figure 2 to illustrate how
Lyα emission lines with different S/N look like in our 2D
spectra. The Lyα lines of the two LAEs are located in
two very different wavelengths that have little OH sky-
lines. For either LAE, we first cut out a small region
from its 2D spectrum that contains its Lyα line. This
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region is completely dominated by the bright Lyα line,
so we assume that it is noiseless. We then scale this re-
gion by reducing the flux by a factor of
√
2 for each step.
Finally, the scaled region is put onto the 2D spectrum
of the other LAE. The new location of the Lyα line is at
the same wavelength where there are few skylines (i.e.,
this clean region is used as a true background). Each
LAE is scaled 10 times. The results are shown in Figure
3. This figure shows how the appearance of a Lyα line
changes as its S/N decreases. This serves as a reference
to check LAEs in the 2D spectra. We also see that the
asymmetric shape is not obvious when S/N is low.
Based on the individual and combined 2D spectra, we
can easily remove spurious or unreliable detections such
as a line detection that only shows up in one of the indi-
vidual 2D images, a line detection that is part of cosmic
ray residuals in the 2D image, a relatively weak line
that is severely contaminated by OH lines. These cases
are rare. In rarer cases where a strong line is from a
low-redshift galaxy, it usually appears narrow and sym-
metric. We will discuss this in the next subsection.
We perform an additional test to estimate the proba-
bility of detecting a random line. We choose 100 spectra
of LAE candidates at z ≈ 6.5 and search for strong line
features in the wavelength range around 8160 A˚, the
same range that we used to detect z ≈ 5.7 LAEs. Since
we do not expect to see emission lines in this wavelength
range for these targets, any line detections could be con-
tamination. The line search follows the same procedure
as we did for z ≈ 5.7 LAEs. After we remove obvious,
spurious detections mentioned earlier, we do not find a
strong line with S/N ≥ 5 in the 100 spectra. Therefore,
the probability of detecting a random line in our sample
is negligible.
Among the remaining targets that were observed by
M2FS, a small fraction of them (∼ 30) show weak emis-
sion lines (S/N < 5) in the wavelength range around
8160 A˚. They do not satisfy our line identification cri-
teria and are not included in our LAE sample. They
are among the faintest targets in our candidates. The
rest of the targets do not have emission features in our
spectra, so we do not know what objects they are.
3.2. Contaminants
We identify and remove emission lines at∼ 8050−8250
A˚ that are likely low-redshift interlopers, including [O ii]
λλ3727, 3729, Hβ, [O iii] λ5007, or Hα emission lines.
As we mentioned earlier, our target selection criteria
generally ensure that an emission line detected in the
expected wavelength range is the Lyα line. But occa-
sionally it could be one of the above lines. The [O ii]
doublet is the most likely contaminant in high-redshift,
Wavelength (Å)
F
l
u
x
D
e
n
s
i
t
y
8100 8150
(a)
8100 8150 8200
(b)
8050 8100
(c)
8100 8150 8200
(d)
Figure 4. Examples of four emission lines in our sample.
The 1D spectra have been slightly smoothed with a Gaussian
kernel (a σ of one pixel is used). The dashed and dotted line
indicate zero and 1σ uncertainty levels, respectively. Panel
(a) represents a bright and compact line that is identified as a
z ≈ 5.7 LAE, because it shows an obvious, characteristic tail
in the red side of the line in both 1D and 2D spectra. Panel
(b) represents a bright and compact line that is identified as
a low-redshift interloper, because it shows a clear cutoff in
the red side of the line in the 1D and 2D spectra. Panels
(c) and (d) shows two lines that are identified as the [O ii]
λλ3727, 3729 doublet.
narrowband-selected galaxy samples. Because there are
no strong emission lines in the wavelength range between
the doublet and Lyα, they can be very faint in the BVR
images. Our resolving power of ∼ 2000 can nearly re-
solve the doublet, so it is relatively easy to identify [O ii].
We find five [O ii] emitters in our sample. In Figure
4, panels (c) and (d) show two examples. In order to
find possible Hβ, [O iii] λ5007, or Hα lines, we identify
bright lines with compact and symmetric line shapes.
We adopt the following criteria: 1) S/N > 7; 2) line
width comparable to the point spread function (PSF);
3) no obvious tail in the red side by visual inspection.
We find a total of seven lines that satisfy the criteria.
They are among the narrowest lines in our sample. We
do not reject such lines with S/N < 7.
In Figure 4, panel (a) shows a line that we identify as
a real LAE at z ≈ 5.7, and panel (b) shows a line that
we identify as a low-redshift galaxy. The two lines look
very similar above their 1σ error lines. The real LAE
clearly shows a characteristic tail on the red side of the
line in both 1D (mostly below the 1σ error line) and 2D
spectra, while the line in panel (b) shows a sharp cutoff
on the red side of the line in its 1D and 2D spectra. It
is difficult to describe such a difference quantitatively
without visual inspection. It is worth pointing out that
it is likely that some of the rejected objects are real LAEs
at z ≈ 5.7. For example, the object in panel (b) could
be a LAE with a narrow line width and its asymmetry
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is not obvious. The double-peak line seen in panel (c)
could be caused by its low S/N. We do not discuss more
about the 12 objects. Instead, we simply remove them
from our LAE sample.
3.3. 260 spectroscopically confirmed LAEs at z ≈ 5.7
Our final sample consists of 260 LAEs at z ≈ 5.7.
We show 40 LAEs in Table 3. They have the highest
S/N in the sample. Column 4 lists the spectroscopic
redshifts measured from the Lyα lines (their errors are
smaller than 0.001; see Section 4 for details). Columns
5-7 show their photometry in i, z′, and NB816, respec-
tively. Column 8 lists the Lyα luminosities. Column 9
shows their identity numbers in our M2FS program. No.
10 (SXDS2-020) and No. 40 (SXDS3-016) are the two
bright LAEs used in Figures 2 and 3. The whole table
is provided on line. Figure 5 shows the 1D and 2D spec-
tra of the 40 LAEs in the sample. The whole sample is
also provided on line. We can see that strong emission
lines usually show asymmetric line shapes due to the
IGM absorption and ISM kinematics. The 1D spectra
in these figures are shown in arbitrary units for clarity.
Lyα line flux will be calculated using the narrowband
and broadband photometry in Section 4.
Figure 6 illustrates the positions of the targets in the
five fields, including the observed candidates (all points)
and the confirmed LAEs (black points). The big circles
represent the M2FS pointings. Despite the fact that
the exposure time and depth of individual pointings are
quite similar, the numbers of LAEs (Table 1) in these
pointings are quite different, suggesting the existence of
significant cosmic variance. Such cosmic variance was
not due to selection bias during our spectroscopic obser-
vations, because it already exists in our photometrically
selected candidates (see also Figure 6). It has also been
reported in previous studies (e.g., Ouchi et al. 2008; Hu
et al. 2010; Kashikawa et al. 2011; Jiang et al. 2018).
SXDS3 contains a giant protocluster at z ≈ 5.7, and
thus has the largest number of LAEs. As we mentioned
above, COSMOS1 and COSMOS3 have serious align-
ment problems during the observations, so they only
have a few LAEs confirmed here. We will exclude these
two pointings when we calculate the Lyα LF in a fol-
lowing paper.
It is worth pointing out that the five well-studied fields
have been previously used to search for high-redshift
LAEs. For example, Ouchi et al. (2008) constructed a
large photometric sample of z ≈ 5.7 LAEs in SXDS, and
spectroscopically confirmed 17 of them. Hu et al. (2010)
provided a spectroscopic sample of z ≈ 5.7 LAEs in sev-
eral fields including A370a. We included these fields
to crosscheck our target selection and sample complete-
ness. As we already discussed in Jiang et al. (2017), we
recovered the above known LAEs in SXDS and A370a,
suggesting a high completeness in our sample.
4. Lyα SPECTRAL PROPERTIES
In this section, we will measure the Lyα spectral prop-
erties of the 260 LAEs in our sample. We will first mea-
sure their redshifts. We will then calculate their Lyα line
flux, rest-frame EW and UV continuum flux based on
the secure redshifts and the NB816 and z′ band photom-
etry. Next, we will also analyze the relation between the
full width at half maximum (FWHM) of the Lyα lines
and Lyα luminosities.
4.1. Redshifts
We use composite spectrum templates to calculate
LAE (Lyα) redshifts. For each LAE, we first estimate
an initial redshift using the wavelength of the Lyα line
peak. We then refine this redshift by fitting the line
using the composite template of the Lyα profile from
Kashikawa et al. (2011). The central wavelength of the
template Lyα line is λLyα = 1215.67 A˚, and the line
is scaled so that the peak value is 1 (arbitrary units).
From this template, we generate a set of model spectra
for a grid of peak value, line width, and redshift. The
peak value, by scaling the composite line, is from 0.9 to
1.1 with a step size of 0.01. The line width, by shrink-
ing and expanding the composite line, is from 0.5 to 2.0
times the original width with a step size of 0.1 (times
the original width). The redshift value varies within the
initial redshift ±0.002 with a step size of 0.0001. Fi-
nally, we fit the Lyα line of the LAE using the above
model spectra and find the best fit. After we obtain the
refined redshift for each LAE, we combine our spectra
(weighted average) to produce a new template of the
Lyα line profile from our own sample (see section 5.1).
We then repeat the above procedure a few times using
our own template. The spectroscopic redshifts for 40
LAEs are shown in Table 3.
Figure 7 shows the redshift distribution of the LAEs
in our sample (light gray histogram). The dark gray his-
togram represents the sample excluding LAEs in SXDS3
where there is a giant protocluster. We see an appar-
ent mismatch between the redshift distribution and the
NB816 filter transmission curve (black profile in the fig-
ure). We use a Gaussian profile to fit the redshift distri-
bution of the dark gray histogram and compare the best
fit to the filter transmission curve. The result indicates
an offset of ∼ 20 A˚. This large offset is mainly due to
the IGM absorption blueward of Lyα in the high-redshift
spectra. We will discuss this in Section 5.
4.2. Lyα Flux and Equivalent Width
8 Ning et al.
Table 3. 40 LAEs with the highest S/N in our z ≈ 5.7 sample (see the on-line table for the full sample)
No. R.A. Decl. Redshift i z′ NB816 L(Lyα) M2FS ID
(J2000.0) (J2000.0) (mag) (mag) (mag) (1043 erg s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
01 02:40:22.35 −01:31:19.5 5.628 26.64 ± 0.39 >27.3 25.79 ± 0.19 2.04 ± 0.48 A370a-042
02 22:17:40.91 +00:24:14.5 5.634 26.50 ± 0.10 26.58 ± 0.19 25.70 ± 0.17 1.17 ± 0.38 SSA22a-019
03 09:58:54.51 +01:41:57.7 5.638 26.09 ± 0.11 >26.5 24.94 ± 0.05 2.58 ± 0.16 COSMOS-016
04 22:17:28.76 +00:19:17.5 5.643 26.13 ± 0.09 25.89 ± 0.12 24.86 ± 0.08 1.74 ± 0.24 SSA22a-016
05 02:40:29.05 −01:39:20.0 5.643 26.21 ± 0.27 25.85 ± 0.16 25.13 ± 0.11 1.05 ± 0.27 A370a-009
06 02:18:17.34 −05:32:23.0 5.644 26.26 ± 0.11 26.19 ± 0.30 24.58 ± 0.07 2.71 ± 0.31 SXDS3-031
07 02:15:55.15 −05:06:28.0 5.646 26.83 ± 0.22 26.84 ± 0.50 25.25 ± 0.18 1.32 ± 0.33 SXDS5-020
08 02:17:05.64 −05:32:17.7 5.646 26.20 ± 0.11 25.89 ± 0.23 25.07 ± 0.10 1.05 ± 0.26 SXDS3-033
09 22:17:16.37 +00:13:25.2 5.649 26.27 ± 0.11 25.77 ± 0.10 25.27 ± 0.12 0.55 ± 0.18 SSA22a-010
10 02:17:40.88 −04:32:36.3 5.653 26.15 ± 0.09 26.30 ± 0.25 24.06 ± 0.04 3.29 ± 0.17 SXDS2-020
11 02:16:05.11 −05:07:54.0 5.654 26.16 ± 0.08 25.23 ± 0.10 24.37 ± 0.06 1.56 ± 0.19 SXDS5-016
12 22:17:33.14 +00:22:16.0 5.654 26.04 ± 0.09 25.94 ± 0.12 25.08 ± 0.10 0.81 ± 0.15 SSA22a-018
13 02:39:28.58 −01:24:01.4 5.670 26.21 ± 0.29 26.58 ± 0.31 24.30 ± 0.05 1.65 ± 0.10 A370a-074
14 02:17:29.49 −05:38:16.6 5.671 26.20 ± 0.16 26.05 ± 0.35 24.34 ± 0.07 1.45 ± 0.15 SXDS3-001
15 02:20:21.51 −04:53:15.3 5.671 27.26 ± 0.26 26.70 ± 0.43 24.97 ± 0.10 0.81 ± 0.11 SXDS4-017
16 22:17:05.59 +00:13:00.4 5.671 26.79 ± 0.17 26.53 ± 0.20 25.02 ± 0.09 0.73 ± 0.08 SSA22a-009
17 02:39:17.66 −01:26:54.9 5.675 26.12 ± 0.25 26.03 ± 0.18 24.19 ± 0.05 1.60 ± 0.10 A370a-057
18 02:17:45.75 −04:41:29.3 5.676 27.24 ± 0.24 >27.2 24.82 ± 0.09 0.94 ± 0.09 SXDS2-012
19 02:15:59.17 −05:10:13.8 5.678 26.56 ± 0.15 >27.2 24.56 ± 0.08 1.19 ± 0.09 SXDS5-013
20 22:16:54.97 +00:05:37.9 5.678 27.51 ± 0.36 >27.7 24.47 ± 0.06 1.33 ± 0.08 SSA22a-003
21 02:17:07.87 −05:34:26.8 5.680 26.38 ± 0.13 26.04 ± 0.28 23.60 ± 0.03 2.77 ± 0.10 SXDS3-021
22 10:00:44.49 +02:27:19.2 5.684 27.27 ± 0.23 >26.5 24.97 ± 0.04 0.67 ± 0.03 COSMOS-174
23 09:59:05.40 +01:47:47.7 5.685 >27.3 >26.5 24.80 ± 0.04 0.80 ± 0.03 COSMOS-045
24 02:17:43.34 −05:28:07.1 5.686 25.95 ± 0.08 25.89 ± 0.23 23.87 ± 0.03 1.96 ± 0.08 SXDS3-116
25 02:17:04.30 −05:27:14.4 5.687 26.30 ± 0.11 26.25 ± 0.32 23.98 ± 0.04 1.80 ± 0.09 SXDS3-062
26 09:59:54.52 +02:15:16.6 5.689 26.83 ± 0.15 >26.5 24.66 ± 0.03 0.92 ± 0.03 COSMOS-149
27 02:39:53.54 −01:36:27.9 5.693 26.46 ± 0.33 27.13 ± 0.54 24.75 ± 0.07 0.88 ± 0.07 A370a-017
28 02:18:27.45 −04:47:37.2 5.703 26.33 ± 0.12 25.90 ± 0.24 23.86 ± 0.04 1.94 ± 0.09 SXDS1-025
29 02:16:24.72 −04:55:16.7 5.707 26.41 ± 0.11 25.91 ± 0.19 23.79 ± 0.04 2.10 ± 0.09 SXDS5-033
30 02:17:24.04 −05:33:09.7 5.708 25.67 ± 0.07 25.05 ± 0.11 23.48 ± 0.02 2.66 ± 0.07 SXDS3-029
31 10:00:40.22 +02:19:03.4 5.713 27.15 ± 0.20 26.13 ± 0.20 24.66 ± 0.03 0.92 ± 0.05 COSMOS-155
32 02:20:26.10 −04:52:35.1 5.720 25.88 ± 0.07 24.97 ± 0.09 24.25 ± 0.05 1.29 ± 0.08 SXDS4-018
33 03:32:37.51 −27:40:57.8 5.722 28.12 ± 0.41 27.53 ± 0.49 24.56 ± 0.06 1.17 ± 0.07 ECDFS-021
34 02:17:39.26 −04:38:37.4 5.722 >28.4 26.66 ± 0.36 25.02 ± 0.10 0.73 ± 0.08 SXDS2-014
35 02:39:42.90 −01:26:26.4 5.723 26.90 ± 0.52 26.69 ± 0.34 24.88 ± 0.09 0.84 ± 0.08 A370a-058
36 02:18:41.42 −04:52:23.0 5.742 >28.4 >27.2 25.33 ± 0.15 0.76 ± 0.11 SXDS1-020
37 02:39:51.27 −01:35:12.9 5.749 >27.2 >27.3 25.60 ± 0.16 0.72 ± 0.11 A370a-024
38 02:18:10.69 −05:37:07.8 5.750 26.82 ± 0.21 26.34 ± 0.36 25.21 ± 0.12 1.04 ± 0.12 SXDS3-007
39 10:00:12.79 +02:19:30.9 5.750 27.25 ± 0.23 >26.5 25.71 ± 0.10 0.65 ± 0.06 COSMOS-157
40 02:17:52.65 −05:35:11.8 5.759 25.10 ± 0.04 24.57 ± 0.07 24.04 ± 0.04 4.37 ± 0.17 SXDS3-016
Note—The upper limits listed in the table indicate 2σ detections. The redshift errors are smaller than 0.001.
Lyα Emitters at z ≈ 5.7 9
Wavelength (Å)
F
l
u
x
D
e
n
s
i
t
y
8100 8200
01 A370a-042
8100 8200
02 SSA22a-019
8100 8200
03 COSMOS-016
8100 8200
04 SSA22a-016
8100 8200
05 A370a-009
8100 8200
06 SXDS3-031
8100 8200
07 SXDS5-020
8100 8200
08 SXDS3-033
8100 8200
09 SSA22a-010
8100 8200
10 SXDS2-020
8100 8200
11 SXDS5-016
8100 8200
12 SSA22a-018
8100 8200
13 A370a-074
8100 8200
14 SXDS3-001
8100 8200
15 SXDS4-017
8100 8200
16 SSA22a-009
8100 8200
17 A370a-057
8100 8200
18 SXDS2-012
8100 8200
19 SXDS5-013
8100 8200
20 SSA22a-003
8100 8200
21 SXDS3-021
8100 8200
22 COSMOS-174
8100 8200
23 COSMOS-045
8100 8200
24 SXDS3-116
8100 8200
25 SXDS3-062
8100 8200
26 COSMOS-149
8100 8200
27 A370a-017
8100 8200
28 SXDS1-025
8100 8200
29 SXDS5-033
8100 8200
30 SXDS3-029
8100 8200
31 COSMOS-155
8100 8200
32 SXDS4-018
8100 8200
33 ECDFS-021
8100 8200
34 SXDS2-014
8100 8200
35 A370a-058
8100 8200
36 SXDS1-020
8100 8200
37 A370a-024
8100 8200
38 SXDS3-007
8100 8200
39 COSMOS-157
8100 8200
40 SXDS3-016
Figure 5. M2FS 1D and 2D spectra of 40 LAEs with the highest S/N in our sample. The spectral dispersion is ∼1 A˚ per
pixel. The 1D spectra have been smoothed with a Gaussian kernel (a σ of one pixel is used). In each panel, the gray dashed and
dotted line indicate zero and 1σ uncertainty level, respectively. The downward arrow points to the position of the Lyα emission
line. The source number and M2FS ID correspond to those shown in Columns 1 and 9 in Table 3. See on-line figures for the
full sample.
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Figure 6. The five deep fields observed by our M2FS survey. The big circles represent our M2FS pointings. All points inside
the circles represent the z ≈ 5.7 LAE targets observed by our M2FS survey. The black points represent the spectroscopically
confirmed LAEs at z ≈ 5.7 presented in this paper.
We use the narrowband (NB816) and broadband (z′)
photometry to estimate the Lyα line flux and UV con-
tinuum flux using a model spectrum. The model spec-
trum is the sum of a Lyα emission with our template
line profile and a power-law UV continuum with a slope
β,
fλ = fLyα × PLyα(λ) + fcont × λβ , (3)
where PLyα(λ) is the dimensionless line profile of our
template that is redshifted to the observed frame for
each individual LAEs, and fLyα and fcont in units of
erg s−1 cm−2 A˚−1 are scale factors of the Lyα line flux
and the UV continuum flux, respectively. We are not
able to determine β for individual LAEs, so we adopt
an average β = −2.3 from a sample of spectroscopically
confirmed LAEs at z ≥ 5.7 by Jiang et al. (2013). We
then calculate fcont from the z
′ band photometry be-
cause the z′ filter does not cover Lyα for z ≈ 5.7 LAEs.
For the LAEs that are not detected in the z′ band, we
use 2σ detection upper limits. In this case, the (very
weak) continuum flux has negligible impact on the mea-
surement of the Lyα flux below, because the narrowband
photometry is completely dominated by the Lyα flux.
After fcont is determined, we using Equation 3 to cal-
culate the Lyα flux or scale factor fLyα by matching the
model spectrum to the narrowband photometry. The
IGM absorption is considered in the model spectrum.
For simplicity, we assume that the flux blueward of Lyα
is completely absorbed. The Lyα line shape has negligi-
ble impact, because the line width is much smaller than
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Figure 7. Redshift distribution of the LAE sample. The
light gray histogram represents all LAEs in our sample. The
dark gray histogram represents the sample excluding LAEs
in SXDS3 where there is a giant protocluster. The NB816
filter transmission curve is over-plotted and scaled for clarity.
We see a clear offset of ∼ 20 A˚ between the observed Lyα
wavelength distribution and the filter transmission curve.
the narrowband filter width. After fLyα is determined,
we calculate UV luminosity M1500, Lyα luminosity, and
Lyα rest-frame EW. The measured Lyα luminosities and
EWs are not corrected for IGM absorption. EWs are
given in the rest frame.
Figure 8 shows the Lyα EWs as a function of M1500.
The filled circles represent the LAEs detected in the z′
band. The EWs of most LAEs range between 20 and
∼ 300 A˚ and the median value is 62 A˚. The open circles
represent the LAEs that are not detected in the z′ band.
These LAEs potentially have larger EWs. Among them,
five LAEs have EW & 300 A˚. When we include these
LAEs, the median Lyα EW value is 75 A˚, consistent
with those given in Kashikawa et al. (2011) and Jiang
et al. (2013). We will discuss extremely large Lyα EWs
in Section 5.
Figure 8 shows an apparent anti-correlation between
Lyα EW and M1500, i.e., LAEs with lower UV luminosi-
ties tend to have larger EWs. This relation has been
extensively discussed previously (e.g., Ouchi et al. 2008;
Cowie et al. 2010, 2011; Jiang et al. 2013) and is mostly
caused by selection effects. In Figure 8, the three dashed
lines indicate Lyα luminosities of 2×1042, 1×1043, and
5 × 1043 erg s−1, respectively. The first Lyα luminos-
ity roughly corresponds to the flux limit of our survey.
In a narrowband flux-limited survey, LAEs with weak
continuum emission and small Lyα EWs will not be se-
lected. On the other hand, LAEs with large EWs and
−22−21−20−19
M
10
100
500
L
y
α
E
W
(
Å
)
5e43
erg/s
1e43
erg/s
2e42
erg/s
1500
z′-band detected
z′-band undetected
Figure 8. Lyα EW as a function of M1500. The filled (open)
circles represent the LAEs detected (undetected) in the z′
band. The diagonal dashed lines are defined by Lyα lu-
minosities. LAEs with lower UV luminosities tend to have
higher Lyα EWs, mostly due to selection effects.
high UV luminosities should be easily included. How-
ever, there are no LAEs with M1500 < −20.5 mag and
EW > 80 A˚ in our sample, as shown in Figure 8. The
lack of such LAEs in our sample and in previous studies
indicates that these galaxies are extremely rare.
4.3. Lyα Line Profile
The Lyα emission line shape can be used to infer the
distribution and kinematics of gas and the energy power
of radiating sources due to the propagation and attenua-
tion of Lyα photons (Dijkstra 2014). Here we investigate
the relation between the Lyα FWHM and luminosity
from our sample. Most of the individual LAE spectra do
not have sufficient S/N for reliable shape measurements,
so we divide our sample into six subsamples based on the
Lyα luminosities. We then build a combined Lyα spec-
trum for each subsample and measure FWHMs for six
combined spectra.
In the left of Figure 9, we show how the sample is
divided into six subsamples I to VI based on the Lyα
luminosities. We have excluded 5 lowest-redshift LAEs
whose Lyα lines at ≤ 8070 A˚ are severely affected by
relatively strong skylines. We have also excluded 5 LAEs
with the lowest S/N. The sample is divided so that the
final six combined spectra have similar S/N ∼ 75. The
separation luminosities are log L(Lyα) = 42.75, 42.88,
43.02, 43.19, 43.48 (L is in units of erg s−1). Note that
there are only two LAEs in the brightest subsample. For
each subsample, we co-add individual spectra to make
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Figure 9. Left: In the upper panel, we divide our sample into six subsamples from I to VI by the five dotted vertical lines. We
then make a combined spectrum for each subsample. In the lower panel, we show the intrinsic line widths after the correction of
the instrument broadening. It clearly shows that the Lyα line width increases towards higher luminosities. Right: The combined
spectra for the six subsamples in the left panel. The spectra have been normalized so that the peak flux density is 1. The
dashed lines represent the instrument resolution (assuming a Gaussian profile).
a weighted average spectrum in the rest frame. The
results are shown in the right panel of Figure 9.
Figure 9 clearly suggests that the Lyα line width
increases towards higher luminosities. The luminosi-
ties are the weighted average luminosities in individ-
ual subsamples. We estimate the intrinsic Lyα line
width FWHM from the observed line width FWHMobs
and instrument resolution FWHMins using FWHM
2 =
FWHM2obs−FWHM2ins. All FWHM values are converted
to the rest-frame values. We estimate the instrument
resolution by measuring strong sky emission lines near
the z ≈ 5.7 OH-dark window. The resultant resolving
power is R ≈ 1954. A Gaussian profile with FWHMins is
shown as the light dashed lines in the right panel of Fig-
ure 9. In the lower-left panel, the open squares represent
the calculated FWHMs. For each square, its size indi-
cates the measurement error from the combined spec-
trum in this subsample, and the vertical error bar indi-
cates the standard deviations of FWHMs from a number
of combined spectra. These combined spectra are gen-
erated from random groups of individual spectra in this
subsample.
Given the high-quality spectra, the trend is significant,
indicating that the Lyα line width increases from 0.60 ±
0.04 to 1.06 ± 0.14 A˚. The second most luminous sub-
sample has an average FWHM of 233 ± 19 km s−1, con-
sistent with those of LAEs with similar luminosities at
z ≈ 5.7 in Matthee et al. (2017). The line widths suggest
that the contribution from AGN activity is negligible
on average in our LAEs (e.g., Matthee et al. 2017). The
luminosity-dependent Lyα FWHM has been observed in
previous work (e.g., Hu et al. 2010; Matthee et al. 2017;
Songaila et al. 2018). By fitting a power-law relation
of FWHM = ALα, we obtain α = 0.25 ± 0.04, which
is consistent with the result in Hu et al. (2010). Such
a trend has been predicted theoretically (e.g., Sadoun
et al. 2019). On average, more luminous LAEs reside in
more massive halos with higher gas velocities and higher
neutral hydrogen column densities. Both of them would
increase the Lyα line width through radiative transfer,
leading to the luminosity-dependent FWHM.
5. DISCUSSION
5.1. Composite Spectra
High-ionization metal lines in the rest-frame UV band
are useful tools to study star-forming galaxies. However,
it is difficult to detect UV emission lines except Lyα in
individual spectra of high-redshift galaxies. Our sample
includes 260 LAEs, and we did not detect UV emission
lines near Lyα in the individual spectra. Composite
spectra are often constructed to study line features that
are too weak to be detected in individual spectra (e.g.,
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Figure 10. The normalized composite spectra of (1) all
LAEs; (2) 66 LAEs with log L(Lyα) > 43 (L is in units of
erg s−1); (3) 70 LAEs with EW> 100 A˚; and (4) 41 z < 5.662
LAEs whose Nv emission is not affected by strong skylines.
The spectra 2, 3, and 4 have been shifted for clarity. The
gray dotted lines indicate the 1σ error regions. The vertical
dashed lines indicate the wavelengths of the expected Nv
λλ1239, 1243 doublet. The Nv emission is not detected in
these spectra.
Shapley et al. 2003; Jones et al. 2012; Zheng et al. 2016).
In this section, we combine our spectra and try to detect
UV emission lines in the combined spectra. Our spectra
do not cover most of the commonly found lines such
as C iv λ1549, He ii λ1640, or C iii] λ1909. The only
exception is the Nv λλ1239, 1243 doublet, which is close
to Lyα.
We combine all spectra and spectra in three subsam-
ples based on Lyα luminosity, EW, and redshift, re-
spectively. The individual spectra are normalized and
converted to the rest frame. Then they are combined
(weighted average) with a rejection of > 5σ outliers.
The results are shown in Figure 10. The four spectra
represent the composite spectra of (1) all LAEs; (2) 66
LAEs with log L(Lyα) > 43 (L is in units of erg s−1);
(3) 70 LAEs with EW > 100 A˚; and (4) the 41 lowest-
redshift (z < 5.662) LAEs whose Nv emission is not
affected by strong skylines (no outlier rejection in the
spectral combination). The two vertical dashed lines in-
dicate the expected positions of the Nv doublet. No Nv
emission is detected.
The Nv emission has a very high ionization potential
and has been very rarely found in star-forming galax-
ies. It can be used to search for AGN activity in lumi-
nous LAEs (Sobral et al. 2018). Unlike LAEs in the lo-
cal universe, the AGN fraction at high redshift is small
(Ouchi et al. 2008; Zheng et al. 2010). Based on the
non-detection above, the 3σ upper limit of the Nv flux
estimated from the local noise level, is about 1.1% of the
Lyα flux. Recently, Guo et al. (2020) combined ∼ 150
spectra of LAEs at z ≈ 3.1 and detected the Nv λ1239
emission line and the C iv λλ1548, 1551 doublet lines at
∼ 4σ level. Their flux ratio of Nv/Lyα is about 0.7%,
smaller than the ratio in our combined spectrum. There-
fore, the non-detection of Nv in Figure 10 is reasonable
if we assume that our LAEs are the higher-redshift coun-
terparts of the z ≈ 3.1 LAEs. This also indicates that
the AGN contribution is negligible in our sample.
5.2. Lyα EW
We show the Lyα EW distribution of the sample in
the upper panel of Figure 11. The filled histogram rep-
resents the LAE sample detected in the z′ band. The
solid line histogram represents the whole sample, includ-
ing those undetected in z′. For LAEs undetected in z′,
the 2σ upper limits are used for the z′-band photometry.
The EW distribution can be described by an exponen-
tial form dN/dEW ∝ exp(−EW/W0) with a character-
istic e-folding EW scale W0 (e.g., Shapley et al. 2003;
Cowie et al. 2010). We use the exponential function
to fit the histogram within EW = 50 and 300 A˚. The
lower panel shows the cumulative EW fraction distri-
bution f(> EW) = exp(−EW/W0). We obtain a scale
lengthW0 = 70± 2 A˚ from our sample. This value is un-
derestimated because a large fraction of LAEs were not
detected in z′. Previous studies have shown that the Lyα
EW slowly increases from low redshift to z ∼ 6 (e.g.,
Wold et al. 2014, 2017; Zheng et al. 2014; Hashimoto
et al. 2017), and then declines towards higher redshift
due to its resonant scattering by neutral hydrogen in
the IGM (e.g., Jung et al. 2018; Mason et al. 2018). So,
the Lyα EW distribution of high-redshift LAEs (z & 6)
can be used to probe the reionization history (e.g., Jung
et al. 2018; Mason et al. 2018). Our result of the Lyα
EW distribution is generally consistent with previous
studies at z . 6 (e.g., Zheng et al. 2014; Jung et al.
2018).
Figure 11 also shows that ∼ 7% of our LAEs have Lyα
EWs greater than 200 A˚, including at least seven LAEs
with EW & 300 A˚. These LAEs with such high Lyα EWs
tend to hold stellar populations with very low metallicity
and young stellar age (Charlot & Fall 1993). As shown
in Figure 8, these LAEs have relatively weak UV con-
tinua. Figure 8 also shows that there is a deficit of large-
EW LAEs with bright UV continua. In high-redshift
star-forming galaxies, Lyα photons are more absorbed
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Figure 11. Upper panel: Lyα EW distribution of the LAE
sample. The filled histogram represents the LAEs detected in
z′ and the solid line histogram represents the whole sample.
The curve is the exponential function fitted to the histogram
of the whole sample with a lower limit of 50 A˚. Lower panel:
Comparison of the cumulative Lyα EW fraction distributions
between the two samples shown in the upper panel. See the
text for details.
than UV continuum photons due to the complex Lyα
radiative transfer in the ISM (Dijkstra 2014). Based on
the positive correlation between Lyα escape fraction and
EW (Sobral & Matthee 2019), bright-continuum LAEs
tend to have smaller Lyα escape fraction or stronger
dust attenuation. This relation is consistent with the
picture that bright-continuum LAEs hold intense star
formation which boosts the metal/dust enrichment.
5.3. Redshift Distribution
In Figure 7, we show a clear mismatch between the
redshift distribution of the sample and the NB816 filter
transmission curve. In this section we will use a simu-
lation to show that this mismatch is mainly caused by
the IGM absorption of the continuum emission blueward
of Lyα in high-redshift spectra. In this simulation, we
build samples of mock LAEs at z ≈ 5.7 and apply the
following selection criteria,
i−NB816 > 1.0 and NB816 < 26.0. (4)
In the simulation, we consider Lyα LF, EW distribution,
broadband and narrowband filter transmission. Each
mock LAE is initially assigned values for three quanti-
ties: redshift, Lyα luminosity, and Lyα EW. The UV
continuum is calculated from the Lyα luminosity and
EW, assuming a constant UV slope β = −2.3. We then
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Figure 12. Redshift distribution of mock LAEs. The curves
represent the NB816 filter transmission curve. Upper panel:
Distribution of the mock LAE samples compared with the
observed distribution. The gray histogram represents the
observed distribution excluding the LAEs in SXDS3. The
wavelength bins are the same as those shown Figure 7. The
solid step histogram represents the average distribution of
the 250 mock samples and the two dotted step histograms
represent its 1σ error range. Lower panel: Normalized dis-
tributions of the mock LAEs. The solid step histogram is
the same as that in the upper panel. The dashed histogram
represents a case in which the mock LAEs are not corrected
for the IGM absorption. The dotted histogram represents a
case in which the mock LAEs do not have UV continua.
implement the IGM absorption blueward of Lyα in the
spectrum. The broadband and narrowband magnitudes
are calculated from the redshifted mock LAE spectrum
and the response curves of the i and NB816 filters.
The redshift value is chosen to ensure that the Lyα
line is in the wavelength range of 8025 − 8255 A˚ (the
NB816 bandpass range). The Lyα luminosity is gener-
ated in the logarithmic range of 42.3−43.7 based on the
Schechter LF (Schechter 1976),
φ(logL) = ln10 φ∗ (
L
L∗
)α+1 exp(− L
L∗
), (5)
where φ∗ = 2.5 × 10−4 Mpc−3, log L∗ = 43.0, and α =
−1.5 (Kashikawa et al. 2011). To generate EW values,
we use an exponential form,
dN/dEW ∝ exp(−EW/W0), (6)
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where the EW scale is assumed to be W0 = 100 A˚.
We generate 800 LAEs for one mock sample. These
LAEs follow Equations 5 and 6. We create 250 such
samples independently, resulting in a total of 200,000
mock LAEs. In each sample, slightly more than 250
mock LAEs satisfy the selection criteria (4). We fur-
ther assume that these LAEs would be securely identi-
fied in our spectra, so the number of the LAEs in each
mock sample is similar to that in our real sample. These
LAEs are assigned into the same wavelength or redshift
bins shown in Figure 7. In Figure 12, the upper panel
shows the average distribution of the 250 mock samples
(solid step histogram) and its 1σ error (dotted step his-
tograms). They are slightly scaled to match the gray
histogram that represents our real sample without the
LAEs in SXDS3. By repeating the same procedure with
different β values, we find that the assumption of the
UV slope has negligible impact on our results.
Figure 12 shows that the redshift distribution of the
mock galaxies does not have a Gaussian shape. Its over-
all shape is well consistent with the redshift distribution
of our LAE sample. We further demonstrate using two
more simulations that the asymmetric shape of the red-
shift distribution is mainly due the the IGM absorption
of the continuum emission blueward of Lyα. In the first
simulation, we do not correct for the IGM absorption,
and the result is shown as the dashed histogram in the
lower panel of Figure 12. In the second simulation, we
assume that mock LAEs do not have continuum emis-
sion (just Lyα emission), and the result is shown as the
dotted histogram. The two histograms are nearly sym-
metric around the center of the NB816 filter. This means
that we can use the IGM absorption to explain the offset
between the LAE redshift distribution and the NB816
filter curve. We emphasize that it is mainly caused by
the IGM absorption of the continuum emission, not the
asymmetric Lyα line emission.
6. SUMMARY
We have presented a sample of 260 LAEs at z ≈ 5.7 in
five well-studied fields, including SXDS, A370, ECDFS,
COSMOS, and SSA22. It is by far the largest sample of
spectroscopically confirmed LAEs at this redshift. The
candidates were selected from the narrowband NB816
photometry and broadband photometry. The spectro-
scopic observations were carried out using M2FS on the
Magellan Clay telescope. The whole sample was covered
by 13 M2FS pointings with a total sky area of about 2
deg2. The total on-source integration time was & 5 hrs
per pointing. We identified LAEs based on the 1D and
2D M2FS spectra.
We have measured the Lyα spectral properties of our
LAEs. Assuming reasonable UV slopes, we used the
NB816 and z′ band photometric data and the secure
redshifts to derive Lyα line flux, UV continuum flux,
and Lyα EW. We found that the EWs in our sample
are mostly between 20 and 300 A˚, and these LAEs span
a Lyα luminosity range of ∼ 2× 1042− 5× 1043 erg s−1,
including some of the most luminous galaxies known at
z ≥ 5.7. We also measured the FWHMs of the stacked
Lyα lines in different Lyα luminosity bins. We found
that the line width, after corrected for instrument broad-
ening, clearly increases towards higher Lyα luminosities.
Based on the narrow Lyα line widths and the non-
detection of Nv in the composite spectra, the AGN
contribution is negligible in our sample. We have mea-
sured the LAE redshifts by fitting a composite Lyα line
template to the individual 1D lines. We discovered a
large offset of ∼ 20 A˚ between the observed Lyα wave-
length distribution and the NB816 filter transmission
curve. Using the simulations, we explained that it is
due to the IGM absorption of continua blueward of Lyα
in the high-redshift spectra.
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